he Arctic is undergoing accelerated warming 1 , resulting in changes to the areal extent and age profile of sea ice. Thick ice that persisted over multiple years (MYI) is being replaced by thinner seasonal FYI [2] [3] [4] , significantly changing the ecology and biogeochemistry of the Arctic Ocean 5, 6 . FYI hosts productive microbial assemblages that accumulate large amounts of DOM [7] [8] [9] [10] , and supports important ice-associated food webs 11 . Increased seasonal melting of FYI and the predicted complete shift from MYI to FYI in the Arctic
, and important differences in richness and diversity between MYI, FYI and underlying seawater bacterial communities 13, 14 , suggests that under-ice microbial communities may be affected by sea-ice DOM inputs, although rates of utilization and degree of selectivity by bacterial planktonic assemblages are still to be determined. Determining the cycling and role of the ice-derived DOM pool in affecting water column microbial assemblages will improve our understanding of biogeochemical cycling in an Arctic significantly altered by climate change.
DOM influences the physical structure of sea ice 7, 8 , with organic matter held within brine channels in various molecular size configurations (a continuum of dissolved, colloids and gels 10, 15, 16 .) These substances are released into the surface waters on ice melt 6, 17, 18 . Differential retention of dissolved and gel organic fractions in ice means that organic fluxes vary during the melt period 18, 19 . Concentrations of dissolved organic carbon (DOC) at the time of ice melt in surface waters can be high: > 250 µ mol l −1 in underice surface waters of the Canadian Archipelago and the Beaufort Sea [20] [21] [22] and 300 μ mol l −1 near Barrow, Alaska 19 . However, the fate of these DOM constituents once released into the under-ice surface water remains an open question. In the seasonally stratified underice water column, ice-derived DOM is utilized by bacterioplankton, contributing to its biogeochemical cycling during the early-ice melt period 6, 23, 24 and also to carbon burial 25 and aerosol formation 26 . Bacterioplankton off Svalbard derives 59% of their carbon requirements from ice-algal carbon, despite other carbon sources being available 27 . Sea-ice DOM also has a priming effect, enhancing the degradation of riverine DOM in seawater 28 , emphasizing the important seasonal role of DOM release from sea ice in microbial biogeochemical cycling in Arctic surface waters 6, 11 . We tested the hypothesis that addition of different Arctic seaice DOM fractions at concentrations similar to those measured under ice during ice melt would alter the diversity and structure of the under-ice bacterioplankton community and influence carbon turnover of different organic constituents. We isolated fresh sea-ice DOM from the algal-rich bottom layer of FYI. This layer contains over 90% of the algal biomass in the ice profile 29 and high concentrations of DOM, containing a spectrum of molecular size classes, including extracellular polymeric substances (EPS) produced by sea-ice diatoms 9, 10, 30, 31 . Using differential molecular weight filtering, we obtained three fractions: (1) sea-ice-derived DOM filtered through glass fibre filters (GF/F) (termed 'DOMtot' in the following); (2) a high molecular weight (HMW) DOM fraction retained on a 100 kDa filter and (3) a low molecular weight (LMW) fraction retained between 10 kDa and 100 kDa filters. These three fractions were added to independent replicate microcosms containing natural under-ice seawater (30 per treatment) incubated at in situ temperatures. We followed microbial community responses over 9 days in terms of substrate utilization, bacterial growth and changes in taxonomic composition, determined by next-generation sequencing (NGS) (Ion Personal Genome Machine (PGM) and 454) of 16S ribosomal RNA genes. We applied solid-phase extraction followed by ultrahigh resolution Fourier transform-ion cyclotron resonancemass spectrometry (FT-ICR-MS) to characterize the changes in elemental composition and utilization of DOM of the treatments. The analytical window for this characterization covered molecular masses from 200 to 600 Da 32 .
Results and Discussion
Under-ice seawater contained 60 µ mol l −1 DOC, as previously reported for Arctic waters 24, 33 . DOMtot, HMW and LMW additions significantly increased DOC concentrations, compared to controls Organic matter from Arctic sea-ice loss alters bacterial community structure and function (Fig. 1a and Supplementary Table 1) , to values within the range of DOC measured under sea ice during ice melt [19] [20] [21] [22] 24 . The treatments contained higher concentrations of DOM than in enrichment studies using MYI 17 due to the higher diatom-dominated algal biomass and the predominance of diatom-derived DOM and EPS in the bottom layers of FYI at this site and in the Canadian Archipelago 10, 29, 34, 35 . In the DOMtot addition, DOC and dissolved carbohydrates (dCHO) had similar enrichment factors, whereas DOC enrichment was greater than that of dCHO in the HMW and LMW additions (Supplementary Table 1 ). Up to 68% of the dCHO in bottom-ice is < 8 kDa 10 , which was not preferentially retained by the molecular filters in both HMW and LMW treatments. LMW (< 600 Da) solid-phase extractable organic compounds were present in all four treatments, and their molecular formulas were identified using FT-ICR-MS ( Supplementary Fig. 2 ). The < 600 Da seaice DOMtot fraction included a large number of unique formulas (Supplementary Table 1 ), in particular compounds with higher hydrogen/carbon (H/C) and carbon/nitrogen (C/N) but lower oxygen/carbon (O/C) and carbon/sulfur (C/S) ratios, compared to the background seawater DOM ( Supplementary Fig. 2 , Table 1 and  Supplementary Table 1 ). The HMW and LMW additions altered the molecular formula composition of the < 600 Da fraction, with unique compounds added in both treatments. We assume that these smaller monomers can form intermolecular aggregates 15, 36 that are retained by membrane-based separation techniques and are therefore present in the added material. Key differences in the organic matter profiles between the DOMtot, HMW and LMW treatments were a greater proportion of EPS-carbohydrate (16-24% of dCHO, Supplementary Table 1) , and higher DOC/DON (dissolved organic nitrogen) ratios ( Supplementary Fig. 1 ) in the HMW and LMW additions. This shows that these molecular filter cut-offs retained the EPS produced by ice diatoms 10, 31 , which are the dominant autotrophs in FYI in our study region 10, 37, 38 . DOMtot additions showed higher concentrations of dCHO (but a lower percentage contribution of HMW EPS constituents), higher numbers of unique molecular formulas < 600 Da and higher DON concentrations ( Fig. 1b and Supplementary Table 1 ). The different additions provided a range of DOM sources, encompassing the spectrum described by the size-reactivity continuum model 16 . These sources had a variety of different chemical constituents, potentially selecting for different bacterial taxa [39] [40] [41] . Concentrations of DOC, DON and dCHO decreased significantly in the addition treatments over 9 days (216 h; Fig. 1a,b and Supplementary Fig. 1a ), with differences in the amount of organic and inorganic components utilized. There were no significant changes in concentrations in the controls (Fig. 1c and Table 1 ). Proportionally more dCHO (50-60%) was utilized compared to the overall utilization of DOC (between 13% and 40%), including in the HMW and LMW treatments (Fig. 1c) , despite the carbohydrate enrichment in these treatments being lower than the overall DOC enhancement (Supplementary Table 1 ). This indicates that bacterial growth responses were not affected solely by DOM concentration, but also DOM composition. In the HMW and LMW additions, bacterioplankton used nitrate as well as DON ( Fig. 1c and Supplementary Fig. 3a) . Assimilation of inorganic nitrogen sources was also observed in studies where carbohydrates or mono-sugars were preferentially used for growth 16, 17 . However, in the DOMtot addition, there was substantial utilization of DON in preference to nitrate (Fig. 1b,c and Table 1 ). A similar level of utilization of DON by Arctic bacterioplankton was observed in addition experiments using riverine DOM 42 . DOC/DON ratios increased with time, with the HMW and LMW treatments showing the greatest increases ( Supplementary Fig. 1b ).
There were no significant differences in bacterial density at T 0 between treatments and controls (Fig. 2) . HMW and LMW additions stimulated logarithmic bacterial growth, with peak bacterial production occurring from 144 to 216 h (Fig. 2a,b ) and intrinsic growth rates comparable to the higher end of those reported in the Arctic 43 . The DOMtot additions had a notable lag phase before bacterial growth reached rates (μ = 0.35 d ) comparable with the HMW and LMW treatments at 192 h. In the controls, bacterial cell densities doubled once over the 9-day experiment, with low bacterial production ( Fig. 2b) and low intrinsic growth rates (μ < 0.05 d ), similar to densities and growth rates in natural Arctic bacterioplankton summer communities (μ = 0.038-0.08 d −1 ) 43, 44 . The degradation of organic matter is influenced by chemical composition, size and reactivity, and the ability of microorganisms to synthesize extracellular enzymes for the hydrolysis of larger compounds 16, 45 . Within the spectrum of sea-ice DOM, the greatest proportional utilization was of dCHO in the HMW and LMW treatments containing a high fraction of EPS (originating from ice diatoms 10, 31 ). This large utilization occurred despite the presence of higher concentrations of other lower molecular weight material (Fig. 1d) . Apparent substrate utilization (femtomol carbon or nitrogen per bacterial cell) were lower (that is, more efficient) in the HMW and LMW treatments, and lower for dCHO compared to DOC in each treatment (Table 1) although within the range for marine bacteria 46 . Proportionally more carbohydrate was used to support bacterial growth than other DOM components (Fig. 1c) . ) and strongly influenced by the concentrations of labile components within the DOM pool 43 . The growth rates measured in this study point to an abundance of labile components in the FYI-derived DOM. Compared to the HMW and LMW treatments, DOMtot enrichment elicited a delayed response as bacteria potentially adjusted to reduced salinity and induction of mechanisms to access the wide pool of DON and sulfur-rich compounds present in the DOMtot fraction. Many small organic compounds seem unavailable to bacteria, forming the unreactive pool of oceanic DOM 15, 16, 47 . However, we found increased loss or transformation of < 600 Da ice-derived nitrogen-and sulfur-rich compounds, in particular in the DOMtot treatment ( Table 1 ). The number of identified molecular formulas < 600 Da decreased by 6-11% in all treatments over the incubation period, although no significant changes in average molecular mass was observed (Supplementary Table 2 ). Between 71 and 136 compounds were completely utilized or transformed (CUC) after 216 h in the additions compared to 18 compounds in the controls (Fig. 3 ). This suggests that in conditions representative of the stratified meltwater layers in marginal ice zones or under the ice, these small molecules can be utilized by bacterioplankton 48 . The utilization of nitrogen-and sulfur-containing compounds varied, with a comparable utilization of sulfur-containing compounds in the HMW and LMW ( Table 1 ). The average carbon/ nitrogen ratio of all detected formulas in the DOMtot addition increased by 17%, while it remained similar in the HMW and LMW treatments. Preferential removal of sulfur-containing compounds increased carbon/sulfur ratios in all treatments (Table 1 and  Supplementary Table 1) . Although the overall average oxygen/carbon ratio was unchanged in the HMW and LMW treatments, formulas that showed the strongest relative peak magnitude increase in the HMW addition were highly oxidized compounds (higher oxygen/carbon ratio, Fig. 3c ), a trend not observed in the LMW fraction (Fig. 3d) .
The T 0 bacterioplankton assemblages had a high taxonomic richness (Fig. 4a) , with major constituents being Pelagibacteraceae, Rhodobacteraceae, Alteromondales, Oceanospirillales, Polaribacter and Tenacibaculum ( Fig. 4c and Supplementary Fig. 4) ; a taxonomic profile similar to that of under-ice bacterioplankton in this 49 and other Arctic regions 13, 42, 50, 51 . After 216 h incubation, seawater controls showed minor losses of taxonomic richness, compared with Apparent utilization (substrate used per net bacterial cell growth, see Methods) for DOC, dCHO, non-dCHO, DN, DON, NO 3 − and PO 4 3− are all significant at P < 0.001, except the asterisk denotes P < 0.05. -, low growth rates in controls prevented calculation of utilization quota; ns, calculated utilization value not significantly different from zero. Intensity-weighted average elemental H/C, C/N and C/S ratios determined by FT-ICR-MS in the < 600 Da molecular fraction and number of Completely Utilized or transformed organic Compounds (CUC), including those containing nitrogen and sulfur, at the end of the 216 h experimental period are also shown. Values represent the mean and, in italics, s.e.m., from triplicate experiments. major declines in taxonomic richness in the three addition treatments ( Fig. 4a ; Kruskal-Wallis, P < 0.01). Dominant bacteria in controls at T 216 were a single Pelagibacteraceae operational taxonomic unit (OTU; which increased in relative abundance from T 0 to T 216 ), Rhizobiales and Rhodospirillales (Roseomonas), Oxalicibacterium (3.5% of the T 216 control assemblages), three Colwellia, a Moritella and an unidentified Oceanospirillales OTU (Fig. 4c ). These OTUs may have been present, but unidentified at T 0 due to lower levels of taxonomic resolution at T 0 compared to T 216 resolution (the relative abundance of higher taxonomic groupings at T 0 match the relative abundance of lower taxonomic level OTUs within those groupings at T 216 ). Low relative abundance of Rhodobacteraceae OTUs (2.4 % at T 0 and 0.6% overall at T 216 ), and a single Pelagibacteraceae OTU in our samples may reflect the coastal conditions in the Canadian Archipelago. Potential primer bias against these groups has been reported 42, 52 , although the primers we used amplified these groups 41, 53 . In comparison, high abundances of Rhodobacteraceae and SAR11 clades were found in open ocean samples 50 . These changes, together with the measured growth rates and cell densities (Fig. 2a,b) , indicate a few major changes in community structure in the controls, apart from a loss of some open water specialists (Rhodobacteraceae) that declined in the microcosms.
DOMtot, HMW and LMW additions resulted in assemblages of significantly lower taxonomic richness. Distinct species assemblage occurred in the DOMtot compared to the HMW and LMW treatments (PERMANOVA, P < 0.01, Fig. 4b ). The former was dominated by OTUs from a subset of mainly Gammaproteobacteria and Bacteriodetes, which accounted for over 94% of all sequences ( Fig. 4c and Supplementary Table 3 ). All OTUs selected for by the DOM additions (with the exception of two Alteromonadales) were also present in the T 216 control (seawater) bacterial community.
Bacterioplankton assemblages in the HMW and LMW treatments responded similarly (no difference in the NMDS profile, Fig. 4b) , with significantly higher relative abundance of Bacteroidetes, Flavobacteriaceae and Gammaproteobacteria. All were taxa found in sea ice and underlying water 49, 54 , and were able to rapidly utilize the ice-derived DOC and DON. The major Gammaproteobacteria in the enrichments were Alteromonadales, with a number of different enriched Colwellia OTUs. Colwellia is a successful polar taxon that produces highly adapted extracellular enzymes to break down organic compounds 55 . Colwellia live within the sea-ice matrix 54 and also in the underlying water (Fig. 4c) , and our results show that representatives of this genus can rapidly and efficiently grow on the sea-ice HMW and LMW fractions. Colwellia taxa from the nearshore Chukchi Sea also grow well on riverine DOM 42 . The HMW addition stimulated the growth of Flavobacteriaceae, particularly Polaribacter and Tenacibaculum (including three OTUs identified at T 0 ). Bacteriodetes are known degraders of complex organic molecules 56 , and Polaribacter are facultative or obligate psychrophiles present in seawater and ice 42, 49 , which are capable of degrading polymeric organic compounds, including phytoplankton and terrestrial DOM 42 . Our results support the observation that Polaribacter are sentinel taxa for increased organic matter inputs 42 . Tenacibaculum has been isolated from bacterioplankton 41, 57 and grows on complex EPS from estuarine diatom biofilms 56 . The DOMtot addition resulted in a different community composition from the HMW and LMW treatments (Fig. 4a-c) , stimulating the growth of Colwellia taxa (including OTUs that also grew in the HMW and LMW additions), and particularly a number of Psychrobium, Psychromonas and Moritella (Gammaproteobacteria) OTUs (Fig. 4) . Psychromonas is a psychrophilic genus found across the Arctic 58 that can degrade complex polysaccharides. Moritella is linked to fish disease (as are Tenacibaculum) and degrades amino acid-rich mucus and glycoproteins, possibly permitting growth on the DON-rich compounds present and utilized in the DOMtot addition (Fig. 1b and Table 1) .
Sea-ice cover in the Arctic Ocean is becoming increasingly seasonal, with an increase in areas of open water and marginal ice zones during the spring-summer months 3, 4 and an overall amplification of sea ice-pelagic interactions in extended regions of FYI cover. FYI can support more productive ice-algal communities than MYI 59 . We have shown that different sea-ice DOM fractions are utilized at different rates and stimulate different phylogenetic subsets of the surface-water column bacterioplankton community, with increases in cell density and productivity, and changes in species composition. Our experimental results show that a spectrum of substrates provided by seasonal sea-ice melt, from low to high molecular weight and from nitrogen-to sulfur-rich compounds, are selectively utilized by different taxa within the plankton, resulting in changes in the composition of bacterioplankton. While some taxa of Arctic bacterioplankton are able to use a wide range of substrates, some planktonic taxa within the Alphaproteobacteria and Actinobacteria do not readily use sea-ice DOM. The preferential utilization of seaice DOM fractions > 10 kDa and > 100 kDa by bacterioplankton also has important ramifications for the biogeochemical cycling of organic matter in the Arctic system. These high molecular weight fractions make up the abundant gel-like EPS, which plays a key ecological role such as organic matter aggregation 6 and the production of atmospherically active bioaerosols 26 . Implicit to our results is that these EPS fractions are a highly bioavailable carbon source for under-ice microbial communities.
Unravelling the significance and repercussions of our results for the Arctic Ocean requires consideration of various factors involved in the cycling of DOM. During our experiment, grazing, DOM production by autotrophic cells and photodegradation were controlled for, allowing the identification of bacterial responses to sea-ice DOM fractions without potential changes in DOM concentrations or composition due to these other factors. Viral activity, responses to inorganic nutrients and low salinity conditions (DOMtot treatment) may have affected net changes in bacterial assemblages over time and between treatments 60 . Photochemical degradation of DOM under the ice is considered negligible 61 , although it is probable that photodegradation will increase with increased melt pond coverage and associated light transmission through the ice cover 11 , which can also lead to increased under-ice phytoplankton blooms 11, 62 . By showing that FYI DOM fractions are used efficiently by subgroups of surface-water bacterial communities, our results indicate that the continued shift towards a seasonal sea-ice regime in the Arctic Ocean, while having only a minor impact on Arctic Ocean DOM inventories, may have a disproportionate impact on DOM remineralisation in surface waters. This dual understanding of DOM cycling in the seasonally ice-covered Arctic reconciles divergent perspectives on inventories 63 and rates 6, 11 , both fundamental to constrain ocean-climate models.
Climate change has resulted in FYI already becoming the dominant type of ice in the Arctic Ocean 3, 4 , with a complete seasonal ice cover predicted to occur over coming decades 12 . More labile DOM will be released from sea ice to the ocean surface under future seaice cover scenarios in an Arctic Ocean that will remain ice dominated 30, 59 . How large areas previously covered by MYI will respond to changes in sea-ice biochemistry and seasonal dynamics remains a fundamental question in defining the role of the 'new' Arctic in biogeochemical cycles. Earth system models incorporating the role of DOM across the Arctic 64 require a mechanistic understanding of the composition and turnover of DOM to constrain biogeochemical fluxes within the ice and at the ice-water interface under future climate scenarios. We propose that DOM fractions produced by sea ice, once released into surface waters, provide ecological niches for taxon-specific bacterial activity. Based on our results, the expansion of FYI and altered temporal and spatial gradients in the release of sea-ice-derived DOM fractions will increase bacterial respiration and modify microbial community structure and dynamics at sea ice-water interfaces, including ice margins. We further propose that these changes will affect the cycling of key elements, and possibly microbial evolutionary pathways, in the warming Arctic Ocean.
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Methods
Surface water and FYI sea-ice cores were collected on 1 May 2012 at a first-year seaice station (74.75° N, 95.50° W) located about 2 km offshore in Resolute Passage, Canadian Arctic Archipelago (Nunavut). Resolute Passage is typically covered by landfast FYI from late November to the beginning of July. Twenty-six (26) sea-ice cores were collected using a manual ice corer (Mark II coring system, 9-cm internal diameter, Kovacs Enterprises). The bottom 3-cm sections of the cores, where most of the sea-ice biomass is found 29 , were cut with a clean stainless steel saw and stored in sterile Whirl-Pak bags. Surface water (60 l) was collected using a pump installed on an under-ice arm, reaching out 1 m from the hole. The water collected from the ice interface was free of ice (initial flow with potential presence of ice was left out). The acid-washed Nalgene container in which the water was transferred was rinsed three times with the sample before filling. The sea ice and surface water samples were transported back to the shore laboratory where they were kept in the dark at 0 °C until the beginning of the experiments. Experiments began the day after sample collection to allow the ice samples to melt slowly overnight. Experiments and sample processing were conducted at the Polar Continental Shelf Program laboratory facilities, Resolute Bay, Nunavut.
Starting conditions. Sea-ice core sections were melted within 24 h of collection in sterile Whirl-Pak bags at 4 °C in darkness without the addition of filtered seawater. Melted material was filtered through pre-combusted (450 °C for 24 h) Whatmann GF/F and pooled, giving a total volume of 3,225 ml, and stored at 4 °C.
Four fully replicated treatments were established, with 30 sterile Whirl-Pak bags each filled with 300 ml of starting condition media for each of the four treatments. Control treatments consisted of under-ice seawater filtered through a 3 -µ m filter to remove larger protists and grazers. DOMtot enrichments consisted of GF/F filtered DOM obtained from melted bottom-ice core sections, added to filtered (3-µ m filter) under-ice seawater (DOM/seawater ratio was 1/5.3), giving a final DOC concentration of 451 µ mol C l −1 (Supplementary Table 1 ). Two molecular weight-fractionated DOM enrichments (a HMW-enhanced DOM fraction retained above an 100 kDa filter, known to be rich in diatom EPS larger than 100 kDa, and an intermediate LMW EPS-rich DOM fraction retained between 10 kDa and 100 kDa filters) were established by sequentially filtering 1,715 ml of the melted ice core DOM extract through 100 kDa and 10 kDa molecular filters (Amicon Millipore) to separate the polydisperse DOM pool into two molecular weight fractions. The filter sizes correspond to those used to investigate transparent exopolymer particle (TEP) formation in seawater 65 , and in studies of diatom and algal EPS investigations, with the 10-100 kDa providing a separation between the lower and higher molecular weight colloidal exudates produced by polar algae 16, 66, 67 . The HMW fraction contained the dissolved organic constituents retained in a final volume of 195 ml above a 100 kDa molecular filter (from 1,715 ml filtrate). This 100 kDa-enriched fraction was added to 9.3 l of (3-µ m filtered) under-ice seawater to give a final DOC concentration of 304 µ mol C l −1 ( Table 1 ). The 1,520 ml of 100 kDa filtrate was reduced to a final volume of 215 ml above a 10 kDa Amicon filter, and this fraction (LMW, < 100 kDa and > 10 kDa molecular weight) was added to 9.3-l filtered under-ice seawater to give a final DOC concentration of 562 µ mol C l −1 ( Table 1 ). The Whirl-Pak bags were sealed and placed in a chilled incubator facility, and maintained in darkness at an average temperature of − 1.72 °C ± 0.021 °C (Hobo data loggers) over a period of 216 h. Bags were checked and rotated daily. Every 24 h, three replicate bags from each treatment and controls were sampled. Each bag was manually mixed and subsamples were collected and analysed at each experimental time for prokaryotic abundance and production, DOC, dissolved nitrogen (DN), inorganic nutrients (phosphate, PO 4 3− ; silicic acid, SiOH 4 ; nitrate, NO 3 − and nitrite, NO 2 − ), and carbohydrate concentrations.
Analytical water chemistry. Surface water and sea-ice salinity was measured with a salinometer probe (Portsal 8410A, Technel). A 13-ml sample was taken for nutrient analysis. Filtered samples (pre-combusted Whatman GF/F filters) were stored at − 80 °C for later determination of NO 3 − , NO 2 − , PO 4 3− and Si(OH) 4 concentrations using a SmartChem discrete analyser (Westco Scientific Instruments). Nutrient chemistries were adapted from 68 . Then 25 ml water was filtered through pre-combusted (450 °C for 5 h) GF/F filters, with the first 5 ml discarded as a rinse and 20 ml stored in pre-combusted acid-washed amber bottles at 4 °C in a fridge after being acidified with 50% H 3 PO 4 . DOC and DN were measured on a Shimadzu TOC-VCPH analyser with an ASI-V auto sampler and TNM-1 Total Nitrogen module, using high-temperature catalytic combustion 69 . The analyses were systematically checked against consensus reference material (that is, deep seawater reference) from the Hansell's Certified Reference Materials program. The remaining 250 ml was GF/F filtered into acidwashed plastic bottles and frozen at − 20 °C for subsequent carbohydrate, EPS and FT-ICR-MS analysis.
Dissolved carbohydrate. Filtrates were used for dCHO and a subsample (0.4 ml) of GF/F filtrate was used to determine total dissolved carbohydrate concentration (dCHO TOTAL ) using a modified phenol sulfuric acid assay 70 as described by ref.
10
. The modified Dubois assay measures a range of neutral sugars (hexoses and pentoses), as well as acidic carbohydrates (uronic acids) 70 . It shows different sensitivities to different constituents, but is a stable assay and widely used in microbial ecology studies of EPS and microbial polysaccharides 8, 10, 66, 71, 72 . To estimate EPS concentrations, a 3-ml subsample of GF/F filtrate was subject to a 70% v/v ethanol precipitation for 24 h at 4 °C, followed by centrifugation to isolate the EPS pellet. The precipitation of EPS using an alcohol solvent is an established polysaccharide chemistry technique 71, 73 . The pellet was resuspended in distilled water and analysed using the phenol sulfuric acid assay 10 . Glucose was used as a standard, with standard curves modified with sodium chloride where necessary to correspond to the salinity of the fraction being measured. Carbohydrate concentrations were calculated as glucose-carbon-equivalents and converted to µ mol C l −1 .
Ultrahigh resolution mass spectrometry (FT-ICR-MS) and data evaluation.
Before FT-ICR-MS analysis, 100-ml aliquots of each sample were desalted (dialysis at 8 kDa, 24 h in 1 l) and lyophilized. Since remnants of salt prevented electrospray ionization, the dried samples were redissolved in 15 ml ultrapure water (ultrasonification for 15 min). Then 10 ml aliquots of the redissolved sample were acidified to pH2 (ultrapure HCl, Merck) and solid-phase extracted (PPL adsorber, 200-mg cartridge, Agilent 74 ). FT-ICR-MS analyses were carried out as described previously 75 . Before analysis, DOM extracts were diluted with methanol/water (1/1, v/v). Samples were ionized by electrospray ionization (ESI, Apollo II electrospray ionization source, Bruker Daltonik) in negative mode at an infusion flow rate of 120 µ l h −1 on a FT-ICR-MS (SolariX, Bruker Daltonik) equipped with a 12 T refrigerated actively shielded superconducting magnet (Bruker Biospin). Three hundred scans were added to one mass spectrum. The magnitude threshold for the peak detection was set to a signal/noise ratio of ≥ 4. Mass spectra were recalibrated internally with compounds, which were repeatedly identified in marine DOM samples 69 (2C -H + N) ) of a valid neutral formula had to be an integer value ≥ 0 and ≤ 20 and the nitrogen-rule was applied. Combinations of N 2 S 2 (n = 614) and N 3 S 2 (n = 19) were excluded because of a higher average mass error compared to all other elemental combinations. Formulas that were detected in a process blank (PPL extraction of ultrapure water) or in the list of potential surfactants 76 , as well as formulas containing a 13 C or 34 S isotope and those that did not correspond to a parent formula ( 12 C, 32 S) were also removed from the dataset. The final dataset contained 95,434 identified molecular formulas. Intensity-weighted average molecular masses and element ratios were calculated based on normalized peak magnitudes. It should be noted that the elemental ratios determined by FT-ICR-MS differ from bulk ratios due to differences in compound specific ionization efficiencies in electrospray ionization. For comparison of treatments, the average peak magnitude for each molecular formula within a treatment was calculated (n = 3). The evaluation of unique molecular formulas using van Krevelen diagrams was performed only for those formulas that occurred in either all or none of the three samples of a treatment.
Bacterial abundance and productivity. The abundance of bacteria was determined by flow cytometry. Duplicate 4-ml subsamples were fixed with glutaraldehyde Grade I (0.5% final concentration; Sigma) in the dark at 4 °C for 30 min, and then frozen at − 80 °C until analysis. Bacteria samples were stained with SYBR Green I (Invitrogen) and counted with an Epics Altra flow cytometer (Beckman Coulter) fitted with a 488-nm laser operated at 18 mW 24 . The green fluorescence of nucleic acid-bound SYBR Green I was measured at 525 + /− 5 nm. Cytograms obtained were analysed using Expo32 v1.2b software (Beckman Coulter). The addition of DOM increased the background fluorescence of the samples due to non-specific binding of SYBR Green I to DOM and EPS. Bacteria could not be differentiated from this added fluorescence using the standard approach where bacterial populations are identified on a side scatter versus green fluorescence scatterplot 77, 78 . Because of the shift in emission wavelengths on binding of SYBR Green I to DNA 79 , it was possible to discriminate bacteria from background fluorescence. On a scatterplot of green versus red fluorescence (measured at 610 nm/BP 20 nm), bacteria stained with SYBR Green I fell on a narrow diagonal, while DOM and EPS had a higher red fluorescence for a given green fluorescence intensity. Using this approach, bacterial abundance was practically identical in all treatments at T 0 (see Fig. 2a ), when the influence of added DOM and TEP was largest.
Bacterial production was measured from the incorporation rates of the tritiated ( 3 H) amino acid leucine, according to ref. 80 . This method measures protein production in both bacteria and archaea 81 , therein referred to as bacterioplankton. Triplicate 1.2-ml subsamples and two controls were inoculated with ; final concentration 10 nM). The controls were immediately spiked with 50% trichloroacetic acid (TCA, 5% final concentration).
All five vials (measurement and controls) were incubated in the dark at 4 °C for 4 h. At the end of the incubation, TCA (5% final concentration) was added to the vials and samples were frozen at − 80 °C until final analysis in our main laboratory. Analyses were performed within 2 months of sample collection. The thawed samples were centrifuged at 14,000 r.p.m. for 10 min. The supernatant was removed and pellets were rinsed with 1 ml of TCA (5% final concentration). The TCA was removed after two more rounds of centrifugation. Scintillation cocktail (Ecolume, MP Biomedicals) was added to the vials, and bacterial cells were resuspended by vortex mixing. 3 H-leucine incorporation was measured using a liquid scintillation counter (TRI-CARB 2100 TR, Packard Bio-Science) after 48 h of incubation in the dark at 4 °C.
Cell-normalized apparent substrate utilization quotas (as femtomol carbon or nitrogen per cell) were calculated from linear regressions between the declining concentrations of substrate and increasing bacterial cell numbers (Table 1) in the three addition treatments. Because there was no significant growth in the controls, no significant regressions could be derived.
Bacterioplankton community analysis. The composition of the bacterial community at the beginning of the experiment (T 0 ) was determined by ref. 82 on the identical water samples used to set up this experiment. Partial 16S ribosomal (rRNA) gene amplicons were generated using the universal primers F343 (5'-TACGGRAGGCAGCAG-3') and R534 (5-ATTACCGCGGCTGCTGGC-3'). Sequencing was performed on an Ion Torrent PGM using the Ion 314 chip and the Ion PGM Sequencing 200 kitV2 (Life Technologies) following the manufacturer's instructions. For full details, see 82 .
The composition of the bacterial community at the end of the experiment was assessed from a 250-ml sample, from a parallel set of identical treatment bags (n = 3), which was filtered through sterile 0.22-µ m Millipore Durapore filters and frozen at − 80 °C immediately after filtering, following the methods in ref. 56 . DNA was extracted from the frozen filters using the MoBio PowerSoil DNA isolation kit using the manufacturer's protocol. 16S rRNA gene libraries were constructed from these DNA extracts. The sequences of the primers specific to bacterial 16S rRNA genes were: Bakt_341F (5´-CCTACGGGNGGCWGCAG-3´ and Bakt_805R (5´-ACHVGGGTATCTAATCC-3´) 49 . GS FLX Titanium adaptors were at the 5´-end of the Bakt primers: adaptor A for the forward primer (5'-CGTATCGCCTCCCTCGCGCCATCAG-3´) and B for the reverse primer (5'-CTATGCGCCTTGCCAGCCCGCTCAG-3´). Sample-specific 10-basepair (bp) barcodes were located between the B adaptor and Bakt_805R.
Analysis of pyrosequence data. Sequences were analysed using the QIIME (Quantitative Insights Into Microbial Ecology) pipeline and associated modules 83 . Pyrosequencing data were fully denoised using AmpliconNoise 84 . Sequences were removed if they had errors in the 10-bp barcodes and taxon-specific primers, were < 450 bp long, had low quality scores (< 25) and ≥ 7 bp homopolymer inserts. Pyrosequences were clustered into OTUs at the 95% similarity level using USearch, and the associated de novo chimera checker 85 was used to detect and remove chimeras and OTUs represented by fewer than four sequences across all samples. Representative sequences from each OTU were assigned to a taxonomic group using the Ribosomal Database Project classifier algorithm 86 version 9, and using a 95% similarity cut off. Eighty per cent of raw pyrosequencing passed our quality filtering and denoising, providing 43,697 sequences from 661 different OTUs. Sequence data are available at the European Bioinformatics Institute, http://www. ebi.ac.uk, under accession number PRJEB20754 (fastq file names correspond to sample identities).
To compare the T 0 and T 216 data, OTUs captured from T 216 (as described above) were used as a custom database against which T 0 OTUs were picked using VSEARCH 87 . T 0 data were already denoised and quality filtered (see ref. 82 ) but checks for chimeric sequences were included in the new analysis, although none were detected. This approach provides an ideal solution to combine the two datasets from different sequencing technologies because the resultant amplicon are directly compared and, in this case, start within 2 bp of each other on the forward primers, thus covering the same region of the 16S rRNA gene. Sequences classified as unidentified bacteria were maintained across datasets, but cyanobacterial plastid sequences were removed because we were focusing on the heterotrophic bacteria. Amplicon data were normalized via rarefaction before comparing alpha (taxonomic richness) and beta (NMDS analysis based on Bray-Curtis distances) diversity measurements between samples. Statistical analysis. Differences over a time period and between treatments were tested using one-way and two-way ANOVA with Tukey post hoc tests, using Minitab v.13.3 (Minitab). Data were tested for normality and homogeneity of variances and log transformation was performed on data deviating from these assumptions. Comparison of changes in taxonomic composition were conducted using ANOVA, adjusting P values to accommodate multiple testing. The molecular similarity between treatments (FT-ICR data) was assessed by applying cluster analyses based on untransformed normalized peak magnitudes and Bray-Curtis similarity 88 and software R and Primer, version 6. All statistical differences mentioned in the paper are significant at P < 0.05 or less.
Data availability
Experimental https://doi.org/10.5526/ERDR-00000072 and FT-ICR-MS data (https://doi.org/10.5526/ERDR-00000084) are available from the University of Essex data repository. Sequence data are archived at the European Bioinformatics institute, http://www.ebi.ac.uk, under accession number PRJEB20754.
